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The LOVECLIM model
We have performed all experiments with version 1.2 of the LOVECLIM global climate model 27 . In this study, we have only activated the components describing the coupled atmosphere-ocean-sea ice-land surface-vegetation system. Other components are available, such as for ice sheets, ice bergs and the carbon cycle, but including dynamically these modules would lead to a significant reduction in the computational efficiency of our model, not allowing to run the model in ensemble mode on a multi-centennial-to-millennial timescale, which is essential for this study.
LOVECLIM 1.2 is described in detail elsewhere 27 , so we only provide a summary here. The atmospheric component ECBilt is a quasi-geostrophic model, with 3 levels in the vertical and T21 horizontal resolution. As an extension, an estimate of the neglected terms in the vorticity and thermodynamic equations is included as a temporally and spatially varying forcing that is calculated from the diagnostically derived vertical motion field. The oceanic module CLIO3
consists of an ocean general circulation model coupled to a dynamic-thermodynamic sea-ice model, and has a horizontal resolution of 3°x3° latitude-longitude, and 20 vertical levels in the ocean. Terrestrial vegetation is represented by VECODE, a model that simulates the dynamics of trees and grasses, as well as desert.
A full hydrological cycle is incorporated in LOVECLIM, including a simple bucket model for soil moisture and runoff to the oceans. The model computes synoptic variability related to weather patterns. Cloud cover is fixed and is based on modern climatology. LOVECLIM has realistic representations of bathymetry and topography at the scale of the model. To obtain an oceanic circulation that is within the range of modern estimates, a small fixed flux correction is applied, consisting of a reduction of precipitation by 8.5% over the Atlantic Ocean and by 25% over the Arctic Ocean, and a homogeneous distribution of this removed amount over the North Pacific Ocean to conserve mass. With this adjustment, LOVECLIM simulates under modern forcings a maximum overturning streamfunction in the Atlantic Ocean of 22 Sv, and an export of 13 Sv at 30°S 27 , which is in the range of comprehensive GCMs 31 . In this modern state, two main sites of deep convection are present in the model: in the Nordic Seas and in the Labrador Sea.
4 this melt flux. This is likely to be an overestimation of the impact of the Scandinavian Icesheet, as we neglected the potential contributions from Antarctica and Greenland.
The initial conditions for the 10 ensemble members were obtained by adding a random perturbation to atmospheric streamfunction of the final state of the 5000-year long experiment with fixed forcings. This initialization procedure was used for all other experiments in this study with multiple ensemble members. As a result of the additional freshwater forcing, deep convection in the Labrador Sea was terminated in accordance with marine proxy evidence 5, 51 , resulting in a weaker AMOC with a maximum overturning of 16Sv (relative to 22Sv in the spin-up). The last 100 years of this simulation were taken as our 13ka reference state. This reference state is used in the calculation of the simulated temperature anomalies that are compared with proxy-based anomalies.
Third, we have perturbed this 13ka reference state in 11 different experiments that are summarized in Table 1 . In these experiments we varied the freshwater and radiative forcings.
These experiments represent an equivalent of more than 220,000 years of simulation.
Freshwater forcing
There is ample geological evidence 52 that the water level of Lake Agassiz dropped sharply by 50-100 m at 12.9ka, but the reason for this drop in lake level has been heavily debated in the literature. Some studies have linked this lake level fall to a negative hydrological budget 53 , but most researchers have linked the lake drop to a catastrophic drainage event 52 . However, there is no consensus on the drainage route, as there is much uncertainty in the chronological control and the interpretation of the geological records. There is geological evidence for two routes: a northwesterly route through the MacKenzie River towards the Arctic Ocean 24 and an easterly route through the St Lawrence River to the North Atlantic Ocean 54 . This evidence and the associated uncertainties have been discussed in detail elsewhere 52, 55, 56 . We have decided to evaluate the impact of a drainage event through the northwesterly route. Our main reason for evaluating this northwesterly drainage route is that several model studies provide independent support for this option [25] [26] . To evaluate the impact of this flood into the Arctic Ocean, we introduced a short freshwater pulse at the Mackenzie River outlet in addition to the background freshwater forcing applied in our 13ka reference simulation. To account for uncertainties, we varied both the duration (1 or 3 years) and the rate (0. . To summarize, the radiative perturbation applied in COMBINED is thus relatively moderate, and does not require an extraterrestrial impact or strong negative solar irradiance anomaly.
1.3
The applied data-assimilation method: particle filter with resampling.
In this study we have used in several experiments a data assimilation (DA) method known as particle filter with resampling 69 , which has also successfully been used in previous work [29] [30] .
Elsewhere the followed procedure is discussed in full detail 28 , so here we provide only a summary. Each experiment with DA consists of an ensemble of either 32 or 96 simulations (see Table 1 ), called ensemble members or "particles". These ensemble members are initialized by adding a small random perturbation to the atmospheric stream function of a single model state. Subsequently, the model runs for either 1 or 5 years (depending on the experiment, see Table 1) We have tested both 1-year and 5-year time-steps for the DA to account for the difference in response times to perturbations in the atmosphere and ocean. The growth of the perturbations imposed after the resampling is fast in the atmosphere, but relatively slow in the ocean. In the atmosphere, a totally different state in the various particles is already obtained after a few weeks, so making the DA analysis after one year is certainly sufficient to have a reasonably large spread of the ensemble and thus a high probability to find a state that is close to the target. However, since the ocean response is slower, this is not necessarily the case for the ocean. This is the reason why we also tested a 5-year time-step for the DA. Nevertheless, in our particle filter, the majority of the spread in the ocean variables is still associated with the differences in the states represented by particles that are not duplicated from the same 'parent', making the system not very sensitive to a choice of one year or five year before the analyses.
By repeating the experiments with different freshwater pulses with DA (noFW_DA, 1yrS_DA, 1yrL_DA), the impact of the particle filtering can be evaluated, either with or without freshwater perturbation. A comparison of the experiments noFW and noFW_DA reveals the impact of only the data-assimilation. Likewise, the difference between noFW and 1yrL_DA shows the effect of the combination of the 1-year 5Sv freshwater pulse and DA.
Proxy-based reconstructions used in this study
The proxy-based temperature reconstructions of the 12ka minus 13ka anomalies used in the data-assimilation in this study are summarized in Supplementary Table 1 Table 1 ). In several instances, more than one chironomid-based temperature was available per model grid cell. In these cases, we calculated a mean value. The chironomid-based July temperatures records forming the basis of this dataset were evaluated relative to other local quantitative proxy records where these were available (see references to site-specific publications in ref. In addition to the data used in the data-assimilation (Supplementary Table 1 Supplementary Figure 1 . The uncertainty employed in the particle filter is provided by 'Uncert', see Supplementary Methods Section 1.4. Ts is the surface temperature and ΔT is the 12ka minus 13ka temperature anomaly. Compared to ref. 16, minor differences exist in the chironomid-based reconstructions, as we used a previous version of the dataset. These differences do not significantly affect our results.
Supplementary Discussion
Impact of different mechanisms on surface temperature
By comparing the different experiments, we are able to analyse the impact of the three main mechanisms considered: perturbation of the AMOC, shifts in atmospheric circulation and negative radiative forcing. In our low resolution atmospheric model, the 800 hPa geopotential height (GPH) is considered a better diagnostic for the atmospheric circulation near the surface than sea level pressure (SLP), since GPH is directly calculated by the model whereas SLP is derived from other variables. Positive and negative 800 hPa GPH anomalies directly reflect positive and negative SLP anomalies. In the experiment without any additional perturbation (noFW), which is basically a continuation of our 13ka reference state, no significant changes in temperature or atmospheric circulation were simulated (not shown). The results of noFW_DA reveal that the data-assimilation without any additional perturbation produces a major reorganisation of the atmospheric circulation in summer ( Supplementary Fig. 2b ), In experiment 1yrL_DA the data-assimilation is combined with a 1-year freshwater pulse of 5
Sv. Compared to noFW_DA, this produces a cooler North Atlantic Ocean ( Supplementary   Fig. 2c ) due to the freshwater pulse that slightly reduces the AMOC strength (by 3 Sv on average, Supplementary Fig. 5 , yellow line), while at the same time the atmospheric circulation anomaly is very similar (Supplementary Fig. 2d ), although the surface pressure over the cooler surface of the Atlantic Ocean is slightly higher. This comparison shows that by applying the particle filter, an atmospheric state is selected that is associated with temperatures closer to the proxy-based reconstructions. Furthermore, this state is a pervasive feature, relatively independent of freshwater perturbations.
In the simulation with a collapsed AMOC state (SHUTD), the atmospheric anomaly is very different, with higher surface pressure over Europe and the entire North Atlantic, as indicated by the substantially elevated 800 hPa geopotential height level (Supplementary Fig. 3b ). This increase in surface pressure is associated with atmospheric subsidence over the strongly cooled surface (by more than 3°C over large areas, Supplementary Fig. 3a ).
The experiment with only a strong radiative forcing (RAD10) results in widespread cooling ( Supplementary Fig. 3c ) that is somewhat stronger over the continents (by 1 to 2°C) than over the oceans (mostly less than 1°C). Compared to the other discussed experiments, the changes in the atmosphere are relatively minor. Surface pressure increases over the cool North
American continent, but this is compensated by a decrease in surface pressure over Europe ( Supplementary Fig. 3d ).
Different AMOC states
In the simulations performed for this study, we have distinguished four different states of the AMOC.
First, in our 5000-yr long spin-up experiment with fixed 13ka forcings (see Supplementary Information Section 1.2), we obtained an AMOC ( Supplementary Fig. 4a ) that is very close to the state simulated with modern forcing 27 . The maximum meridional overturning is 22 Sv, and about 12 Sv of North Atlantic Deep Water is exported at 30°S. In this state, deep convection takes place in the Nordic Seas just South of Svalbard, and in the Labrador Sea.
Second, when we add in our reference simulation freshwater to the surface of the Norwegian Sea and the NE Atlantic to represent the background melt of the Scandinavian and Laurentide
Ice Sheets, the deep convection in the Labrador Sea is inhibited, and the AMOC is substantially weakened to a maximum meridional overturning of 16Sv ( Supplementary Fig.   4b ). Adding a 1-year freshwater pulse to the Arctic Ocean slightly weakens the overturning of this state, but does not alter it significantly (i.e. deep convection still takes place in the Nordic Seas).
Third, in the experiments 3yrL, 3yrLRAD2 and COMBINED, a 3-year long freshwater pulse of 5 Sv is added to the Arctic Ocean at the Mackenzie River mouth, leading to a suppression of deep convection in the Nordic Seas and a shift towards the Irminger Sea.
However, in 3yrL, this state is not stationary, with deep water formation in the Nordic Seas quickly recovering after the initial perturbation and maximum AMOC strength increasing from 10 to 13 Sv in 100 years ( Supplementary Fig. 5, blue line) . This is also the case in 3yrLRAD2, in which the solar constant is reduced by 2 Wm -2 ( Supplementary Fig. 5, green line). However, in the COMBINED experiment that -compared to 3yrLRAD2 -also includes data-assimilation, the weakened AMOC state becomes stationary, with maximum AMOC strength decreasing to 7 Sv in 500 year ( Supplementary Fig. 5 , red line, main Figure   3c ). The particle filter is thus also able to select and maintain an oceanic state that is most consistent with proxy-based reconstructions. In this state, 3 Sv is exported at 30°S
( Supplementary Fig. 4e ). Compared to the 13ka reference state, the AMOC strength is thus reduced by 9 Sv, which is slightly less than the 12 Sv independently estimated for the Finally, in the SHUTD simulation with a collapsed AMOC, no deep convection in the North Atlantic remains and reversed circulation is present down to 2,5 km depth ( Supplementary   Fig. 4d ).
Comparison to global proxy-based temperature estimates
To further evaluate the climate state in our COMBINED simulation, we analyse the simulated global temperature anomaly ( Supplementary Fig. 6c ) relative to the 13ka reference state ( Supplementary Fig. 6b ).
But before we consider this global anomaly in detail, we first determine how well our model has simulated this 13ka reference state (Supplementary Figure 6ab) Considering the anomaly relative to this 13ka reference state (Fig. 6c) , we find, as expected, that the strongest cooling is simulated at the mid-to-high latitudes in the North Atlantic region, where temperatures are more than 7°C reduced compared to the Allerød state. In COMBINED, most of the Northern Hemisphere continents are cooled by more than 0.5°C, except for Central America. In the equatorial zone, the simulated temperature changes are really minor. The overall agreement of proxy-based reconstructions and our COMBINED simulation indicates that this experiment likely provides a good representation of the global YD climate.
Main sources of uncertainty in the model results
There are several potential sources of uncertainty that should be considered when interpreting our model results, most importantly the model-dependency of the results and the uncertainty in the experimental setup.
Concerning model-dependency, it is important to address the sensitivity of the model to radiative and freshwater perturbations compared to other climate models. LOVECLIM has an equilibrium climate sensitivity to a doubling of the atmospheric CO 2 level of 2.0 °C, which is at the lower end of the ranges reported 32 for both Earth System Models of Intermediate complexity (EMICs, 1.9-4.0 °C) and comprehensive GCMs (2.1-4.7 °C). This implies that most other models would produce a stronger cooling to the negative radiative forcing applied in part of our experiments, i.e., a reduction of solar constant by 2 Wm -2 or 10 Wm -2 . The sensitivity of our model's AMOC to freshwater perturbations is similar to that of GCMs and other EMICs. For instance, in a comparison study 35 including 14 models, our model simulated an AMOC weakening of 5 Sv in response to a freshwater perturbation rate of 0.1 Sv during 100 years, which is the same decrease as in the ensemble mean of that study. In addition, in a recent study 43 Ocean, the cooling exceeds 5°C in both LOVECLIM and IGSM2. Over low latitudes, the response of LOVECLIM to negative radiative forcing is slightly weaker than that of
HadCM3. The impact of the AMOC shutdown on the temperatures over the tropical Atlantic is also smaller in LOVECLIM relative to HadCM3 and IGSM2.
To summarize, the sensitivity of LOVECLIM to perturbations is within the range of other models, although the response to radiative forcing is relatively weak. There is thus no 16 indication in these studies that our model's response is unrealistic, although to fully assess the model-dependency of our results, our DA experiments should be repeated with other models.
However, it is important to realize that even if the sensitivity of our model to radiative forcing is relatively weak, the application of data-assimilation ensures that the overall model response to the forcing is consistent with YD proxy evidence. The same is true for the freshwater forcing. With our LOVECLIM experiments, we are unable to assess accurately what the freshwater forcing during the YD was, because each model has a different sensitivity to freshwater forcing, but we know that a moderate reduction of the AMOC was required to match the YD data. Also, the data-assimilation reveals that changes in atmospheric circulation were required to explain the YD cooling pattern, with relatively high surface pressure over the cold North Atlantic and low pressure over Northern Europe (Supplementary Figure 2b) . This pattern is modified by enhanced surface cooling due to freshwater forcing (Supplementary response to negative radiative forcing, decrease of the AMOC, change in atmospheric circulation. This is a robust result that is not strongly dependent on the choice of any particular model. This is also confirmed by the agreement of our COMBINED result with independent global data, that were not used to constrain the model in the experiments with DA.
In addition to model-dependency, another source of uncertainty concerns the experimental setup, in particular the applied land-sea mask and freshwater forcing. We used the land-sea mask for the LGM in all our experiments reported here, implying a lowering of the sea level by 120 m compared to today, instead of 60 m as has been reconstructed for the YD. As a consequence, we did not take into account the flooding of shelves that occurred between 21ka
and 12 ka, and the opening of the Bering Strait that took place around YD time. It has been suggested that this opening of the Bering Strait can have an important impact on the AMOC sensitivity [95] [96] [97] . Recent GCM studies [98] [99] showed that in freshwater hosing experiments the opening of the Bering Strait has a small impact on the decline of the AMOC, but causes a more rapid recovery after AMOC collapse compared with an experiment with a closed Bering Strait. Concerning the freshwater forcing, we made several assumptions. As discussed in Supplementary Section 1.2, the background melt rate of the Scandinavian Ice Sheet may have been weaker than the flux of 0.05Sv that we applied, potentially leading to an overestimation of the freshwater anomaly in the Nordic Seas. Moreover, in our COMBINED experiment, we have kept the background melt flux constant for 1000 years, while this flux may have gradually decreased due to the persisting YD cold climatic conditions. However, it is highly unlikely that background melt stopped during YD time, as summer ice sheet melt must have occurred near the margins of the Laurentide and Scandinavian ice sheets and marine sediment cores provide evidence for enhanced ice-berg influxes in the North Atlantic 100 . An additional uncertainty is the routing of the short freshwater pulse (Lake Agassiz drainage), which could have been through the St Lawrence River instead of the MacKenzie River [52] [53] [54] . This would probably have resulted in a weaker impact on deep convection in the Nordic Seas 26 .
Furthermore, the volume and duration of the meltwater pulse is uncertain. We have assumed a 
